Vitamin B1 (thiamin) is an essential compound in all organisms acting as a cofactor in key metabolic reactions and has furthermore been implicated in responses to DNA damage and pathogen attack in plants. Despite the fact that it was discovered almost a century ago and deficiency is a widespread health problem, much remains to be deciphered about its biosynthesis. The vitamin is composed of a thiazole and pyrimidine heterocycle, which can be synthesized by prokaryotes, fungi, and plants. Plants are the major source of the vitamin in the human diet, yet little is known about the biosynthesis of the compound therein. In particular, it has never been verified whether the pyrimidine heterocycle is derived from purine biosynthesis through the action of the THIC protein as in bacteria, rather than vitamin B6 and histidine as demonstrated for fungi. Here, we identify a homolog of THIC in Arabidopsis and demonstrate its essentiality not only for vitamin B1 biosynthesis, but also plant viability. This step takes place in the chloroplast and appears to be regulated at several levels, including through the presence of a riboswitch in the 3-untranslated region of THIC. Strong evidence is provided for the involvement of an iron-sulfur cluster in the remarkable chemical rearrangement reaction catalyzed by the THIC protein for which there is no chemical precedent. The results suggest that vitamin B1 biosynthesis in plants is in fact more similar to prokaryotic counterparts and that the THIC protein is likely to be the key regulatory protein in the pathway.
V
itamin B1, in the form of thiamin diphosphate (TPP), acts as a cofactor for several enzymes in key cellular metabolic pathways such as glycolysis, the pentose phosphate pathway and the citric acid cycle (TCA), in addition to amino acid and nonmevalonate isoprenoid biosynthesis, respectively (1) . More recently, it has been implicated in tolerance to DNA damage (2) and as an activator of disease resistance in plants (3, 4) . It is an essential compound in all-living systems, but de novo biosynthesis is only found in prokaryotes, fungi, and plants; therefore, animals must acquire it from dietary sources. Deficiency of the vitamin is a widespread health problem particularly in countries where rice is a major constituent of the diet, because grain polishing removes most of the thiamin in the bran. Therefore, it is of major interest to define the pathways of biosynthesis, which may assist in the overproduction of the vitamin for beneficial purposes.
Thiamin biosynthesis occurs through the separate formation of the pyrimidine and thiazole heterocycle, which are then coupled to form the cofactor [supporting information (SI) Scheme 1] . Although the kinases involved in the phosphorylation of the precursor molecules have been identified in many organisms, the de novo formation of the heterocycles is poorly understood. In bacteria, the mechanism of thiazole formation is reasonably well documented and involves at least five enzymes that transform 1-deoxy-Dxylulose-5-phosphate, cysteine and either glycine or tyrosine (Bacillus subtilis or Escherichia coli, respectively), in a complex oxidative condensation (5, 6) . Much less is known about the formation of the pyrimidine moiety, which is thought to be derived from 5-aminoimidazole ribonucleotide (AIR), an intermediate in the purine biosynthetic pathway (SI Scheme 1) (7, 8) . AIR is then converted into 4-amino-2-methyl-5-hydroxymethylpyrimidine phosphate (HMP-P), or its alcohol, through the action of THIC. The mechanism by which THIC performs this remarkable rearrangement reaction is of particular interest, as there appears to be no chemical precedent, but little is known of its requirements (9) .
In eukaryotes, neither the biosynthesis of the thiazole nor of the pyrimidine moiety has been fully elucidated. A study in spinach has implicated deoxyxylulose-5-phosphate, cysteine and tyrosine as precursors for thiazole synthesis (10) . Yet, to date, only a single thiazole biosynthetic enzyme has been identified, called THI4 in Saccharomyces cerevisiae (11) and THI1 in Arabidopsis (2), but shows no homology to the bacterial enzymes. Although the involvement of this protein in thiazole biosynthesis has been deduced from genetic studies, its biochemical function has not been clarified. Interestingly, recent studies based on structural and mechanistic data of the S. cerevisiae protein have led to the intriguing implication of the redox cofactor NADH as a precursor in this organism (12) . In contrast to bacteria, in eukaryotes the pyrimidine moiety appears to be derived from vitamin B6 and histidine (13) (14) (15) (16) . Again, only a single protein involved in this transformation is known, THI5 or NMT1 for ''no message in thiamin1'' in S. cerevisiae and Schizosaccharomyces pombe, respectively (17, 18) . Thus, although much remains to be deciphered, it is assumed that the pathways of thiamin biosynthesis are distinct from each other in prokaryotes and eukaryotes (19) .
Here, we have focused on the synthesis of the pyrimidine moiety in plants employing Arabidopsis. It could be envisaged that the pyrimidine heterocycle is derived either from AIR as in bacteria, or vitamin B6 and histidine as in fungi, or both (SI Scheme 1). In this study, we demonstrate that the predominant and perhaps sole source of the pyrimidine heterocycle in Arabidopsis is via a bacterial type pathway. A single THIC homolog is present and is essential for plant viability. However, the thiC knockdown mutant can be rescued with thiamin supplementation. Metabolic profiling allows us to demonstrate the essentiality of the vitamin for primary metabolic function in plants. Localization studies show the protein to be partitioned to chloroplasts, and an expression analysis reveals positive regulation of the expression of the gene by light and severe negative regulation by thiamin itself. We provide strong evidence that the THIC protein contains an iron-sulfur (Fe-S) cluster that is required for functionality, and we suggest a further level of regulation of the protein by the chloroplast thioredoxin-ferredoxin system.
Results and Discussion
De Novo Biosynthesis of the Pyrimidine Moiety of Vitamin B1 in Planta via THIC. As either the bacterial or fungal route of pyrimidine heterocycle biosynthesis, or both, could be in operation in planta, we first searched for homologs of known genes of either route in Arabidopsis, i.e., THIC or NMT1, respectively. Whereas one homolog of THIC was identified (At2g29630), no homolog of NMT1 could be found. The THIC gene contains three introns and four exons (Fig. 1A) . The predicted protein sequence is 644 amino acids with a calculated molecular mass of 71,994 Da. Homologs of THIC were identified in prokaryotes and plants, but not in fungi or apicomplexa. An amino acid sequence alignment (Fig. 1B) demonstrates that the Arabidopsis protein is highly homologous to THIC from B. subtilis and E. coli (58% and 53% identity, respectively) and is Ϸ80% identical to the two homologs identified in rice.
To address the question of whether THIC is involved in the biosynthesis of the pyrimidine moiety of thiamin, loss of function studies were performed employing a putative insertion mutant of THIC identified in the SAIL collection (SAIL793H10) (20) . SAIL793H10 is a T-DNA insertion line that carries the BAR gene conferring resistance to phosphinothricin (Basta). PCR analysis with primers designed to hybridize close to either end of the inserted element and the flanking gene sequence revealed bands of the expected size, thus confirming the respective insertion(s) in THIC (Fig. 1 A) . Sequencing of the amplified fragments revealed that the T-DNA insertion is located at base pair 1464 relative to the start codon, i.e., within the third intron of THIC (Fig. 1 A) . A segregation analysis among the progeny of selfed THIC/thiC plants revealed that Basta-resistant and -sensitive seedlings, respectively, segregated in a ratio of 3:1 (SI Table 3 ), indicating that the insertion is at a single locus. A quantitative RT-PCR analysis revealed that the THIC transcript is severely reduced (Ϸ10-fold) in the thiC mutant plants (Fig. 1C) . Furthermore, Western blot analysis using a THIC antibody detected the ascribed protein band at substantially lower abundance in the mutant as compared with WT (Fig. 1C) . Thus, we conclude that this mutant represents a strong knockdown version of THIC in Arabidopsis.
To assess for a thiC phenotype, seeds heterozygous for the T-DNA insertion were germinated and seedlings were grown on thiamin-deficient medium. One quarter of the progeny exhibited a chlorotic phenotype and did not develop beyond the cotyledon stage ( Fig. 1 D and E) . PCR analysis confirmed that the segregating phenotype were thiC seedlings (data not shown). This phenotype was rescued by supplementation with thiamin (Fig. 1D) . Moreover, thiC lines grown in vitamin B1-free sterile culture for 10 days and then transferred to soil could be maintained by continuously supplying them with a thiamin solution ( Fig. 2A) . If the thiC plants were not supplemented with thiamin, they eventually died. A concentration of thiamin as low as 1.5 M was sufficient to allow growth of the seedlings, but these were chlorotic; at 100 M thiamin, seedlings had normal coloration, but were smaller than control WT seedlings ( Fig. 2 A Left) . To further corroborate that the seedling lethal phenotype of thiC is due to an impairment in thiamin biosynthesis, a quantitative microbiological assay employ- ing a strain of S. cerevisiae auxotrophic for thiamin was established. Ten-day-old thiC seedlings grown in the absence of thiamin had only 30% total vitamin B1 content compared with WT seedlings (Table 1) .
Interestingly, we observed that the total vitamin B1 level in seeds of rescued thiC is 66% and 91% of WT when supplemented with 1.5 and 100 M thiamin, respectively ( Fig. 2 A Right) . This was reflected in a noticeable developmental advance of the progeny even when grown in the absence of vitamin B1, compared with segregating thiC seedlings from a nonsupplemented heterozygous population (Fig. 2B ). The level of vitamin B1 in the thiC progeny was seen to decrease over time, whereas that of the WT increased over the same period (Fig. 2C ). Most likely, stored vitamin B1 gets used up in the thiC mutant, whereas thiamin biosynthesis is induced in WT plants when the compound becomes limiting (see expression analysis below). Indeed, the increase in thiamin levels observed over time implies that a certain threshold level is required for plant viability at this stage. Even when thiC seedlings have an enhanced thiamin content, they are not able to proceed to primary leaf development in the absence of supplementation, thus emphasizing the need for a certain level of the vitamin for survival. Furthermore, we observed that seedlings diminished in thiamin content were paler due to a decrease in total chlorophyll (compare Fig. 2 C and D) and were approaching albino in appearance 12 days after germination. This can be explained by the fact that the biosynthesis of the phytol moiety of chlorophyll depends on the action of 1-deoxy-D-xylulose 5-phosphate synthase, a key enzyme of the nonmevalonate pathway of isoprenoid biosynthesis, which in turn is critically dependent on TPP as a cofactor (21) . As 1-deoxy-Dxylulose 5-phosphate synthase is the initial enzyme of this pathway, it is likely that all isoprenoids biosynthesized via this route are reduced.
Metabolite Profiling Reveals the Importance of THIC in Primary
Metabolism. As vitamin B1 in the form of TPP is a necessary cofactor for key enzymes of primary metabolism, we compared the relative level of certain metabolites in thiC and WT. Whole seedlings were analyzed 11 days after germination, reflecting the state of more severe depletion in total thiamin content (Fig. 2) . The most notable alteration in metabolites of thiC plants, when they were grown in the absence of thiamin supplementation, appears in the dramatic relative increase in the level of certain amino acids, in particular alanine, asparagine, methionine, phenylalanine, and tryptophan (Table 2 ). In addition, certain constituents of the TCA cycle were seen to increase, i.e., malate, whereas there was a significant decrease in the level of fumarate. It is possible to explain these changes based on the requirement of certain primary metabolic enzymes on TPP as a cofactor. Notably, impairment of pyruvate dehydrogenase would lead to a breakdown of the TCA cycle. In this context, fumarate is thought to represent a major fraction of fixed carbon in Arabidopsis (22) , thus the thiC seedlings can maintain the cycle by using these reserves, which ultimately leads to the observed depletion of this metabolite at day 11. An impairment of pyruvate dehydrogenase could also lead to an increase in glycolytic intermediates, e.g., pyruvate or phosphoenolpyruvate (PEP), which in turn may explain the increases in alanine, phenylalanine, and tryptophan. An increase in the accumulation of either pyruvate or PEP could also elevate the oxaloacetate pool through the action of either pyruvate carboxykinase or PEPcarboxylase. This then may explain not only the observed increase in the pool sizes of methionine and asparagine, but also of malate through the reverse reaction of enzymes of the TCA cycle. It should also be pointed out that transketolase, a participant in both the Calvin and nonoxidative pentose phosphate cycle, whose products and substrates in turn are starting points of several other chloroplast pathways, is a TPP-dependent enzyme. A decrease in transketolase activity is expected to be reflected not only in the Calvin cycle, where the enzyme seems to be rate limiting, but also in carbohydrate, amino acid and natural product metabolism (23) . Although a partial reversion of thiC metabolites to WT levels was observed when grown in the presence of thiamin, notably some metabolites remained at elevated levels, in particular certain amino acids ( Table  2 ). The reason for this is unknown at present. Subcellular Localization of THIC. So far, proteins involved in thiamin biosynthesis in plants have been reported to have differential subcellular localizations. For example, THI1 involved in the synthesis of the thiazole moiety, is targeted to both mitochondria and plastids (24) , whereas the recently described thiamin pyrophosphokinase is reported to be cytosolic (25) . To assemble the site(s) of synthesis of the thiamin molecule, it is thus of interest to know the subcellular localization of THIC. An in silico analysis indicates Total vitamin B1 content was quantified in whole seedlings employing a microbiological assay. Seedlings were grown in sterile culture in medium lacking vitamin B1 and analyzed 10 days after germination. The results shown are the average of four independent experiments. In the case of the thiC mutant, segregating homozygous seedlings from a heterozygous population of line 17 were used.
that the THIC protein should be localized to the chloroplast, but an amino acid sequence alignment does not reveal an obvious Nterminal presequence in the Arabidopsis protein in comparison with bacterial counterparts (Fig. 1B) . Moreover, the algorithms differ with respect to the length of the expected target sequence, e.g., TargetP (26) and PSORT (27) predict 37 and 48 amino acids, respectively. We investigated the subcellular location of THIC by fusing the N-terminal 90 amino acids to YFP at either the N or C terminus (N90THIC-YFP and YFP-N90THIC, respectively). The constructs were transformed into Arabidopsis mesophyll protoplasts and the intracellular compartmentation was observed by confocal microscopy (Fig. 3) . In the case of the N90THIC-YFP fusion protein, the overlay with chlorophyll autofluorescence clearly demonstrates that the protein is exclusively found in the chloroplasts. Moreover, a stromal localization within the chloroplast is indicated by the fluorescence pattern. This statement is corroborated by a recent study of the stromal proteome of Arabidopsis, in which THIC was identified as a component (28) . The YFP-N90THIC fusion protein, on the other hand, is observed throughout the cytosol, as is the case for YFP alone (data not shown). This demonstrates that THIC is localized to the plastid and that moreover the targeting sequence must be contained within the N-terminal 90 amino acids.
Regulatory Mechanisms Revealed by Expression Analysis.
To further characterize THIC, its transcript abundance was analyzed by using RT-PCR. Consistent with a chloroplastic localization, a tissue expression analysis revealed that the transcript was predominantly found in green tissue, with barely detectable expression in roots or stems (Fig. 4A ). This is also consistent with the involvement of thiamin diphosphate primarily in photosynthesis and carbohydrate metabolism. As the thiC mutant has a seedling lethal phenotype, we also analyzed the expression of THIC during early developmental stages. The THIC transcript was not detectable two days after germination, but was readily detectable at day five (Fig. 4B ). This suggests that there may be no net thiamin biosynthesis in Arabidopsis during the first days of germination, which agrees with an earlier report on maize (29) . Therefore, we assume that thiamin stored in the seed (most likely translocated from other parts of the plant) is used during the first stages of seedling development, after which expression of THIC is induced and homeostasis is restored. Indeed, the variable thiamin levels described above in the differentially supplemented thiC progeny corroborate this statement.
As THIC is localized to the chloroplast, regulation of expression by light was examined. THIC transcript was detected in both dark and light grown seedlings (Fig. 4C) . After transfer of etiolated seedlings to light, the level of the THIC transcript increases gradually over a 24-h period. The transcript level in seedlings grown in 24 h of light is substantially higher than that in seedlings exposed to a single long day cycle (16-h light/8-h dark). This is even more pronounced in 6-day-old seedlings subjected to the same conditions (Fig. 4C) . The THIC protein could also be detected by Western blot analysis in extracts from the seedlings grown for 24 h or 6 days in Samples were grown in the absence or presence of thiamin (B1) (0.5 M) as indicated and cotyledons were harvested 11 days after germination. Substantial increases are shown in bold (Ն2-fold), whereas decreases (Յ0.5-fold) are italicized. Standard errors are the average of six experimental repetitions. Quantitative data are provided in SI Table 4 . 
In an attempt to further investigate the regulation of THIC, we probed a rather exciting phenomenon recently discovered: the concept of gene regulation by conserved regions of mRNA that bind specific metabolites, known as riboswitches (30, 31) . Discovered in 2002, riboswitches were originally thought to occur only in the 5Ј UTR of genes and moreover to be restricted to prokaryotes. This notion is no longer tenable with the very recent discovery of a thiamin pyrophosphate binding riboswitch in the 3Ј UTR of the THIC gene of Arabidopsis (32, 33) . As the gene had not been studied in any detail, it was not known at the time if it is actually involved in thiamin biosynthesis in planta. Clearly, with this study, this latter question has now been answered. Moreover, we observed that expression of the THIC gene is negatively regulated by thiamin itself (Fig. 4D) . It is thought that this occurs due to instability of the mRNA conferred by thiamin diphosphate binding. As the thiamin riboswitch only responds to thiamin diphosphate but not thiamin (33) , the down-regulation of THIC mRNA observed here implies that the externally provided thiamin is converted to thiamin diphosphate inside the cell leading to the conformational change inducing mRNA instability (33) .
THIC is a Fe-S Cluster Protein. THIC is thought to convert AIR into HMP-P (SI Scheme 1). This fascinating reaction has been described as the most complex unresolved rearrangement in primary metabolism (9) and has no chemical precedent. Remarkably, the reaction has been reconstituted in vitro employing the Escherichia coli protein (9). However, reconstitution necessitated the addition of a crude extract from the bacterium rendering it difficult to dissect factors necessary for functionality. We observed that all THIC homologs harbor the consensus motif C(X) 2 C(X) 4 C at the C terminus (Fig. 1B) . However, the motif is not exclusive to THIC as illustrated by the fact that the same motif is displayed, in the E. coli genome, by at least 27 additional enzymes. This motif is similar to the C(X) 3 C(X) 2 C motif normally found at the N terminus of enzymes dependent on the 5Ј-deoxyadenosyl radical generated from S-adenosyl methionine (SAM) and a Fe-S cluster (34) , albeit that of THIC is at the other end of the protein and has altered the order and number of residues between the cysteines. In this context, it is noteworthy that the capacity to reconstitute the THIC reaction as described by Lawhorn et al. (9) was reduced if SAM was omitted. As ''radical SAM''-dependent enzymes require a Fe-S cluster for functionality, we were prompted to check for evidence of such a cofactor in THIC.
In plants, cysteine desulfurase (NifS) supplies the sulfur for Fe-S clusters. In Arabidopsis, two distinct NifS proteins exist, localized to the chloroplast and mitochondria (CpNifS and MtNifS, respectively). Recently, a study employing a CpnifS mutant has shown that the protein is essential for the maturation of plastidic Fe-S proteins (35) . As THIC is localized to the chloroplast, we examined both THIC abundance and thiamin content in the CpnifS mutant. Silencing of the gene is achieved by using an ethanol-inducible RNA interference (RNAi) approach and results in a chlorotic phenotype (35) (Fig. 5A) . Two independent transgenic lines (6 and 9, kindly provided by Elizabeth A. H. Pilon-Smits, Colorado State University, Ft. Collins) were used for analysis. Although line 6 (L6) showed a clear phenotype after ethanol treatment (Fig. 5A) , induction of CpNifS silencing could not be consistently observed in line 9 in our hands; thus, only the results for L6 are shown. Concomitant with silencing of CpNifS, mutant plants exhibiting the phenotype have a clear reduction in THIC accumulation, whereas when silencing of CpNifS does not occur, the levels of THIC are similar to WT (Fig.  5B Lower) . In contrast, a reduction of THIC mRNA was not observed in CpNifS silenced plants (Fig. 5B Upper) , suggesting that the stability of the protein depends on the Fe-S cluster, and that apoTHIC does not accumulate. Moreover, the total thiamin content of CpnifS plants is reduced (Fig. 5C ).
To corroborate the above result, the Arabidopsis THIC protein was produced recombinantly in E. coli with a C-terminal hexahistidine tag. Whereas the full-length protein was completely insoluble, a N-terminally truncated version lacking the first 71 amino acids was soluble (data not shown). Using Ni-NTA chromatography, the protein was purified to homogeneity in a very high yield (42 mg/liter of bacterial culture). Although the protein was isolated under aerobic conditions, it was intensely brown in color with an absorption maximum at 410 nm and a shoulder at 320 nm that strongly decreased after reduction with sodium dithionite (Fig.  5D ). These features are clear indicators of a Fe-S cluster (36) . A more detailed characterization of the Fe-S cluster will appear in a future report, and demonstration of THIC activity will await the availability of substrates.
Concluding Remarks. Vitamin B1 was discovered in 1932, its structure was elucidated in 1936, and it was the first such compound to be recognized as an essential metabolic cofactor. Yet, surprisingly many facets of its metabolism still remain unresolved. Nowhere is this more apparent than in plants. In this study, we show that THIC plays an essential role in the synthesis of vitamin B1 and moreover is necessary for plant viability. The presence of a Fe-S cluster in THIC suggests that it must be coupled with a reductant to enable catalytic activity. In bacteria, this can be accomplished by the flavodoxin/flavodoxin reductase/NADPH system as for the non-mevalonate isoprenoid biosynthesis proteins, IspG and IspH (37) . However, flavodoxin is absent from the plastids of phototrophic organisms, but reduction could be achieved by ferredoxin, which can supply the electrons either in the presence of light or in the dark via ferrredoxin-NADP ϩ reductase and NADPH (38) . In plants, many chloroplastic enzymes are also activated and deactivated through oxidation/reduction reactions via the thioredoxin system. THIC has been found as a potential thioredoxin target protein in chloroplasts (39) and could influence the protein at several levels, including activity, oxidative regulation, and assembly or folding (40) . Thus, the regulation of thiamin biosyn- thesis in plants may occur at several levels, i.e., riboswitch and redox. We attempted to complement an E. coli thiC mutant with the full-length Arabidopsis THIC and various N-terminally truncated versions; however, with the exception of the E. coli protein itself, none of these could restore thiamin prototrophy to the E. coli mutant, suggesting that a specific ''plant/chloroplast factor'' is necessary for functionality of the plant protein. Given the central role that both THIC and its riboswitch likely serve in modulating the concentration of thiamin, this protein or its mRNA may serve as a new target for drug discovery. Furthermore, previous efforts to engineer RNAs that perform as ligand-dependent molecular switches have proven that RNA has an enormous potential for molecular sensing.
Materials and Methods
Plant Material and Growth Conditions. Unless indicated otherwise, Arabidopsis [wild-type (ecotype Col-0), SAIL793H10 (20) and CpNifS RNAi-inducible lines (35) ] was either grown in soil or sterile culture under a 16-h-day (100 mol of photons m Ϫ2 s Ϫ1 of light intensity) and 8-h-night cycle at 22°C/19°C, respectively, and in the presence or absence of thiamin as indicated. In the case of the light induction analysis, plates were exposed to 100 mol of photons m Ϫ2 s Ϫ1 for 1 h after vernalisation and then transferred to continuous dark at 20°C for 6 days. The etiolated seedlings were then transferred to light (as above) and whole plantlets were collected after various times of exposure to light or a 24-h light/dark cycle (i.e., 16-h light/8-h dark). In all cases, samples of plant material collected were immediately frozen in liquid nitrogen and maintained at Ϫ80°C until analysis.
Vitamin B1 Determination. Total vitamin B1 was measured by a microbiological assay employing S. cerevisiae strain thi4 (41) auxotrophic for vitamin B1 grown in thiamin deficient medium (ForMedium). Vitamin B1 was extracted from plant tissue as described for vitamin B6 in (42) , with the exception that the extract was treated with alkaline phosphatase before quantification. The vitamin B1 content of plant extracts (either mature dry seeds or seedlings as indicated) was extrapolated from a standard curve of growth of cultures supplemented with known amounts of thiamin (0-9 ng). Subcellular Localization. The N-terminal 90 amino acids of THIC were amplified from a full-length cDNA clone obtained from the Arabidopsis Biological Resource Center (stock U16941) and fused to both the N-and C-terminus of YFP. Transient expression was carried out in Arabidopsis protoplasts essentially as described in ref. 42 .
CpNifS Silencing. Silencing of the chloroplast localized cysteine desulfurase (CpNifS) was carried out essentially as described in ref. 35 . Briefly, RNA interference was induced in 14-day-old CpnifS RNAi inducible plants grown in soil by spraying every 4 days with a 2% (vol/vol) ethanol solution. Samples were taken for analysis 19 days after induction.
